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Abstract 
 
 
This document details all the processes followed to design, calculate, analyze and build 
the operation of the compressor of a GE90 engine. The objective of this work is to present, 
synthetically and clearly, the results obtained with the CFD softwares of the air flow 
conditioning in the low-pressure compressor; it is also important to know the behavior of 
the fluid between the different stator and rotors of the compressor. 
 
 
This report begins with a theoretical introduction on the characteristics of the phases 
of the engine, the nomenclature used and the geometry particular to the engine. After that, 
the necessary torque for the compressor will be studied and the motor torque that will 
have to be generated by the turbine to maintain the operation of the motor will be 
quantified.  
 
 
Once this preliminary phase has been accomplished, the document proceeds to explain 
the post-process of the CFD calculation to analyze quantitatively the forces generated in 
the different stages of the compression and the dynamics of the flow that is going throw. 
 
 
Key words: GE9X engine, compressor, CFD (Computational Fluid Dynamics), rotor, 
stator. 
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Resumen 
 
 
Este documento detalla todos los procesos seguidos para diseñar, calcular, analizar y 
construir el funcionamiento del compresor de un motor GE90. El objetivo de este trabajo 
es sintética y claramente, los resultados obtenidos con los softwares CFD del 
acondicionamiento del flujo de aire en el compresor de baja presión; También es 
importante conocer el comportamiento del fluido entre los diferentes estator y rotores del 
compresor. 
 
 
Este informe comienza con una introducción teórica a las características de las fases 
del motor, la nomenclatura utilizada y la geometría particular del motor. Después de eso, 
se estudiará el par de torsión necesario para el compresor y la turbina tendrá que generar 
el par del motor para mantener el funcionamiento del motor. 
 
 
Una vez que se ha completado esta fase preliminar, el documento continúa explicando 
el proceso posterior del cálculo del CFD para analizar cuantitativamente las fuerzas 
generadas en las diferentes etapas de la compresión y las dinámicas del fluido que lo 
atraviesa. 
 
 
Palabras clave: motor GE9X, compresor, CFD (Computational Fluid Dynamics), 
rotor, estator. 
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Résumé 
 
 
Ce document détaille tous les processus suivis pour concevoir, calculer, analyser et 
construire le fonctionnement du compresseur d’un moteur GE90. L’objectif de ce travail 
est de résumer et clairement les résultats obtenus avec les logiciels CFD du 
conditionnement du flux d’air dans le compresseur basse pression; Il est également 
important de connaître le comportement du fluide entre les différents stators et rotors du 
compresseur. 
 
 
Ce rapport commence par une introduction théorique aux caractéristiques des phases 
du moteur, à la nomenclature utilisée et à la géométrie particulière du moteur. Ensuite, le 
couple nécessaire pour le fonctionnement du compresseur sera étudié et le couple moteur 
qui devra être généré par la turbine pour que le fonctionnement du moteur soit quantifié. 
 
 
Une fois cette phase préliminaire terminée, le document explique ensuite le post-
traitement du calcul CFD pour analyser quantitativement les forces générées lors des 
différentes étapes de la compression et les dynamiques du fluide qui le traverse. 
 
 
Mots-clés: moteur GE9X, compresseur, CFD (Computational Fluid Dynamics), rotor, 
stator. 
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Resum 
 
 
Aquest document detalla tots els processos seguits per dissenyar, calcular, analitzar i 
construir el funcionament del compressor d'un motor GE90. L’objectiu d’aquest treball 
és resumir i clarament els resultats obtinguts amb el programari CFD del condicionament 
del flux d’aire en el compressor de baixa pressió; També és important conèixer el 
comportament del fluid entre els diferents stators i rotors del compressor. 
 
 
Aquest informe comença amb una introducció teòrica sobre les característiques de les 
fases del motor, la nomenclatura utilitzada i la geometria particular del motor. A 
continuació, s’estudia el parell necessari per al funcionament del compressor i es 
quantifica el parell del motor que haurà de generar la turbina per al funcionament del 
motor. 
 
 
Un cop finalitzada aquesta fase preliminar, el document explica la posterior elaboració 
del càlcul de CFD per analitzar quantitativament les forces generades durant les diferents 
etapes de compressió i la dinàmica del fluid que passa a través d'ell. 
 
Paraules clau: motor GE9X, compressor, CFD (Computational Fluid Dynamics), 
rotor, estator.  
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I. Introduction 
 
A. Motivation 
 
 
The interest to realize this project arises when trying to combine the knowledge 
presented in subjects such as Propulsion, Aerodynamics and Fluid Mechanics. In these, 
the basic tools were presented to be able to perform aeronautical engineering works such 
as the use of CFD programs, the theoretical analysis of the forces present when a body is 
subjected to an air flow around it and the different stages of an propulsion engine that are 
present on an aircraft. 
 
 
The development of a new generation of aircraft of the Boeing 777 family required a 
completely new engine that could generate a greater amount of thrust to meet the 
necessary performance of aircraft. Although the engine has been completely modeled, 
only what has happened in the compressor has been studied since the simulation of the 
processes that occur in the combustion chamber requires fuel injection models and the 
mixture that would be produced, said models of turbulence are very variable depending 
on the geometry of the combustion chamber. 
 
 
It has been chosen to carry out this project to analyze precisely what happens inside 
the compressor, to see what the changes implemented in said engine have been, given its 
large size compared to other more conventional engines. It is a unique opportunity to test 
our knowledge acquired in the race and to study a cutting-edge and very recent component 
in the global aeronautical landscape. In addition, despite the effort involved, theoretical 
and conceptual work is an attraction at an intellectual level since studies on this engine 
do not yet exist or have not been published by the company.	 
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B. Objectives 
 
 
Regarding the objectives set in this project, the main one is marked by the study of the 
phenomenon of reverse flow and how this affects the efficiency of the compression inside 
the compression. The effect of the profile of the static blades (stator) and of the mobile 
blades (rotor) for the incoming free flow from the fan will be observed. 
 
 
Being a project that covers so many different aspects, the objectives can’t be less 
numerous. We can divide the work into four large groups with their respective objectives: 
preliminary bibliographic study, CAD design, CFD analysis and comparison of the results 
with their homologues. In this way we have the following objectives: 
 
-To carry out a study on the current diversity of propulsion engines and their 
applications in order to analyze the builders' decision-making. 
 -Analyze the configuration and the profiles used for both the stator and the rotor. 
 
-To study the flow around each employee profile and see how it contributes to general 
compression. 
 
 
It should be noted that these objectives are not as restrictive as they may be for 
guidance, the project has been proposed as something not closed that was always open to 
further research. However, it should be borne in mind that due to the size of the project 
and the innovation that comes from being a completely new engine, this work is already 
a great goal to overcome. In short, it is about analyzing the design process of a compressor 
currently taking into account the required features. 
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C. Structure of the report 
 
 
The extension and technicality of the project complicates the structuring of memory. 
It has been about to organize the present document as coherently as possible so as to 
facilitate the reading and understanding of the reader. In this way we can differentiate 
four large parts. 
 
 
The first part is a general study about propulsion engines. It includes part of its history, 
an analysis of its diversity and applications. In this way, it is intended to acquire the 
necessary knowledge to be able to study an original design and assess its distinctive 
parameters. 
 
 
The second part is the most important and complex. It is a complete description of the 
engine design to be studied. The logical order of study of its anatomy has been followed. 
 
 
The third part is a part of more technical engineering, in this the simulations are carried 
out with the CFD software. This part helps us to quantify the phenomena that are expected 
to be obtained and the differences with the predicted. 
 
 
Finally, the last part of the report includes the analysis of the phenomena that occur 
within the compressor and the comparison of the studied one with respect to others of 
similar performance. 
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II. The propulsion engine 
 
A. History 
 
1. Definition 
 
Reaction engines, also called jets or reactors, are a type of jet engine, that is, a quantity 
of fluid is expelled at high speed in order to generate thrust. This classification of the jet 
engine includes turbojets, turbofans, rocket motors, ramjets and pulse jetters. In general, 
a reaction engine can be defined as any gas turbine that employs a high velocity jet of 
gases to generate an amount of propulsive force. 
The power equation generated by a jet engine clearly derives in a relationship between 
the thrust generated and the flow of air entering the engine and the velocity of the gases 
at the engine outlet. This allows us to ask ourselves why there are different types of jet 
engines.  
If we start from the basis of Newton's first law, we can confirm that the propulsion 
generated by the engine has two main functions for the operation of the aircraft; the first 
is to compensate for the drag that is generated when facing high speed air that is in a state 
of rest, the second is that the excess thrust is used to accelerate the aircraft, the greater the 
difference between the thrust and drag, the greater will be the acceleration [1]. 
For this purpose, the flow of air entering the engine is subject to great physical changes, 
usually very drastically. The air is conditioned, compressed, mixed with propellant, 
burned, expanded and, finally, expelled from the engine. 
 
Figure 1: T, p and V variations along a separated flow turbofan [2] 
 
Different engine families have different characteristics, some offer greater thrust, but 
only operate at high speeds others only operate at low speed and offer a low but constant 
thrust. It is also important to take into account the fuel expense of each one. 
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Figure 2: Ratio of fuel consumption towards bypass ratio [3] 
 
It seeks to obtain a compromise between energy efficiency and generated power; for 
example, turbojets offer a very important boost, like rocket engines, but the consumption 
is extreme, which implies a very important weight load of fuel to travel the same distances 
as other aircraft equipped with engines of other families.  
 
 
The problem with turboprops, or open turbofans, is that the thrust they generate is not 
enough to drive large aircraft, this is mainly because the component that the nozzle 
contributes to the thrust equation is not present since the flow after the fan is no longer 
inside the engine.  
 
 
It can be said then that the family of engines that offers the greatest compromise 
between energy efficiency and generated power is the family of turbofans, in particular 
that of high-rate turbine turbofans. Then we will study the characteristics of the turbofans 
and analyze their structure and operation [4]. 
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2. First turbofan engines 
 
 
The history of the turbofan is, like that of motorized aviation, very recent, since the 
first flight of the Wright brothers in 1903, the technological development has been 
extraordinary. In the 50 years of life of turbofans it has already become the most common 
engine class for general aviation. The advantages of the propeller of the turboprop engines 
are combined with the efficiency and performance of the turbojet engines. 
 
 
A turbofan is a turbojet to which a fan has been added on the front. If the fan is too 
large it can even be placed on the back if the flight conditions are subsonic to create high 
bypass rates. In the case of a front fan, the fan is driven by a second turbine, located 
behind the primary turbine that drives the main compressor. This produces greater thrust 
and reduces specific fuel [5]. 
 
 
The Pratt & Whitney JT9D was the first high-index bypass engine to motorize a wide-
body aircraft. Its initial use was in the Boeing 747-100, the original "Jumbo Jet". It was 
the company's first high-bypass index turbofan and also the first of a long current 
generation of commercial turbofan engines. 
 
 
 
 
Figure 3: First turbofan Pratt & Whitney JT9D [6] 
 
Since the start of the JT9D back in 1968, billions have been invested in research and 
development to increase the power of these turbofans and thus be able to meet the needs 
of aviation that requires increasingly greater benefits. 
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3. Engines nowadays 
 
 
The Global Commercial Aircraft Turbofan engines market is experiencing a golden 
age in terms of technological development. The high demand continues, and the abundant 
financing has allowed to create a solid base for the development of new turbofans. The 
design process of a new turbofan, like another propulsion system, is very extensive, 
covers several decades and must take into account very long-term forecasts when it is 
decided to manufacture a new engine. Therefore, aircraft with engines that we can 
consider new today are the result of an idea that took place 30 or 40 years ago. 
 
 
The tendency that can be observed if the short period of life of the turbofans is analyzed 
is that there is a desire to increase the referral rate as much as possible. Material 
engineering is also very important because it allows lower costs, improves the 
performance of the engine and offers greater resistance to time and temperature. 
 
 
Figure 4: Evolution of the bypass ratio from 1960 up to now [7] 
 
The world has just seen the commissioning of three new, completely new sports 
aircraft programs in 2018: 
 
-Boeing 737 MAX 9 
-Airbus A321 LR 
-Embraer E190-E2 
 
 
The profitability of the airlines remains strong despite the volatility in the global prices 
of crude oil and the pressures of escalating labor costs. 
 
 
Engine manufacturers are preparing their global industrial base for a significant 
increase in production to meet delivery times with a transition from the production of 
engines of the previous generation to the latest engine programs [8].  
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The technology industry is also turning towards a more ecological landscape, the 
development of hybrid and electric propulsion technologies for commercial aircraft can 
be a major milestone in the global history of aviation. 
 
 
Rolls-Royce is trying to be at the forefront of this aspect with its new engine still in 
development. This will count according to advances made by the company, a much larger 
fan nicknamed UltraFan, and a much more efficient multi-axis system in order to 
minimize mechanical losses when transporting energy from the turbines to the 
compressors and fan. 
 
 
 
     
     Figure 5: Rolls Royce development UltraFan [9] 
 
 
 
    Figure 6: Rolls Royce development multi-axis [9] 
The targets up to 2020 are quite unanimous up on the different experts, the ACARE 
has stablished that for 2020 the environmental targets would be: 
 
- Reduce perceived external noise by 50% (30db Cumulative) 
- Reduce fuel consumption and CO2 emissions by 50% 
- Reduce NOX emissions by 80% 
 
 
The future designs of commercial aviation are still unknown, but what is known are 
the benefits they will fulfill, or at least that they will be enforced. This is not so much a 
technological decision as environmental because it is required to drastically reduce global 
fuel consumption. Although commercial aviation represents only 2% of the world's fuel 
consumption, it still remains a very important system in the fight against pollution. 
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B. GE Aviation Engines family 
 
 
The history of the General Electric Aviation group has always gone hand-in-hand with 
the technological development carried out in turbofans since the 1960s. The multinational 
company has a long history of cutting-edge work with turbines in the field of power 
generation. 
 
 
 
Figure 7: General Electric Aviation first building [10] 
 
GE Aviation's family of turbofans clearly shows the development that was 
mentioned in the previous section. This can be observed with the motors: 
 
-CF6 (1970) 
-CF34 (1932) 
-CFM56 with Snecma (1982) 
-GE90 (1994) 
-GP7200 with Pratt & Whitney (2006) 
-GEnx (2007) 
-GE9x (not presented yet) 
 
 
Figure 8: GE Aviation turbofan family evolution [11] 
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1. The GE90 engine 
 
 
The history of the group General Electric Aviation has always gone from In 1995 the 
turbofan GE90 took flight for the first time aboard a Boeing 777 of the company British 
Airways. It was the first engine to use carbon fiber blades, since then many have followed 
it. The first models of the GE90 could generate a thrust of 300kN to 420kN, currently, 
this engine is still the turbofan that generates more thrust. 
 
 
GE Aviation has continued implementing better since then to the GE90, there have 
been variations of this model such as the GE90-110B or the GE90-115B that was 
designed for the largest Boeing, being the Boeing 777-200LR and the Boeing 777- 
300ER. All this range and the fame obtained by the base model of the GE90 place it in 
the top of sales for a family of turbofans [12]. 
 
 
The unique design of the front fan blades of the GE90 gives it an efficiency, robustness 
and lightness never seen in any other turbofan. In addition, the aerodynamic effects 
present on the fan allow a greater absorption of air by tube effects, giving it an unrivaled 
generation of thrust and an extraordinary efficiency for the time. 
 
 
The most recent models of the GE90 allow to achieve a thrust of between 360kN and 
510kN which in 2002 gave the GE90-115B the world record and placed it as the most 
powerful turbofan in the world. Tests in extreme conditions have also demonstrated a 
high degree of adaptability which is always highly valued by consumers. 
 
 
In 2003, the Boeing 777-300ER broke another stability record as it managed to fly for 
five and a half hours with only one GE90-115B engine running. 
 
 
The diameter of the engine is three and a half meters, so it is also considered one of 
the largest engines in the world and the largest turbofan in the world ever made so far. 
 
 
 
Figure 9: GE90-115B exposed core in the GE Aviation shed [13] 
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2. New developments 
 
 
Advanced turbofan engines are difficult to develop, especially the manufacturing of 
fan blades, which must be built to resist very high temperatures and pressure. The new 
developments derived from the GE90 have elements made from composite materials to 
increase the conditions inside the engine. The three turbofans that GE Aviation has 
developed recently are: 
 
 
 
 
Figure 10: GE9x core [14] 
 
 
Figure 11: GEnx core [15] 
 
 
Figure 12: CFMLEAP core [16]
 
 
Based on the architecture of the GE90, the new GEnx offers a 15% fuel utilization 
compared to the predecessors and a 15% reduction in pollution due to the CO2 result with 
respect to the CF6. The GEnx engine represents a breakthrough in propulsion technology, 
using the latest materials and design processes to reduce weight, improve performance 
and deliver a more efficient aircraft engine. 
 
 
A major point in the innovative development of GEnx is the implementation of a 
combustion chamber with two rows of pre-swirl that is responsible for the reduction of 
the emission of polluting gases that has been mentioned previously. On the other hand, 
the magnitude of the fan blades and their efficiency have become one of the engines of 
the quietest commercial use ever made. The GEnx engine is also the first commercial jet 
engine in the world with a front fan case and fan blades made of carbon fiber composite 
materials. 
 
 
The CFM LEAP turbofan is composed of a scaled version of the low pressure turbine 
used by Safran in GEnx. The fan of this motor has flexible blades made from a process 
of resin to transferable mold, they are designed to avoid buckling as they increase the 
speed of rotation. Although its pressure design point is higher than that of CFM56, it is 
expected to be modified to reduce the pressure in order to maximize the life of the engine 
[17].  
 
 
Currently proposed for the LEAP is a greater use of composite materials, a blisk fan 
in the compressor, a second-generation TAPS II combustor, and a bypass ratio around 
10-11: 1. 
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3. The GE9x engine and the Boeing 777X 
 
 
The GE9x turbofan has not yet been commercialized, the tests have been taking place 
since 2018. The dimensions of the fan will give this engine the title of the largest turbofan 
in the world beating its predecessor the GE90-110B1 by 10 cm diameter. This does not 
seem to make a big difference, but it does make a difference, at the tip of the fan's blade, 
the efforts are extremely important, every inch count. The larger the fan, the higher the 
derivation rate, a very important element when generating thrust [18]. 
 
 
The GE9x has been designed for the Boeing 777X, this incorporates the latest and 
most innovative technologies, including the most advanced commercial low consumption 
motor ever built. The GE engine manufacturer was the first partner announced in the 
program. Your GE9X engine will be at least 5% more efficient than any other in its class. 
 
 
In addition, the fourth-generation wing of the 777X, made of composite materials, has 
a larger wingspan than the current 777. Angled and foldable wing tips and their optimized 
wingspan considerably improve efficiency, achieving significant fuel savings, while 
maintaining full compatibility with airport parking positions. 
 
 
 
Figure 13: Boeing 777X [19] 
 
The design of the folding wing tips incorporated in the Boeing 777-9 and 777-X 
models would allow the wing tips of the planes to fold during ground operations and fit 
into the standard-size airport parking space. 
 
 
Folding the wingtips, the wings go from having a wingspan of 71,5m to 64,5m once 
on the ground. The wing tips are folded once the aircraft lands and a set of locking 
mechanisms makes it impossible to fold while the aircraft is in the air [20]. 
 
 
 
Figure 14: Folding wingtips on the Boeing 777X [21] 
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C. Structure of the engine 
 
The engine is normally composed by five different principal components which 
complete individually a different function: 
 
-Fan 
-Compressor 
-Combustion chamber 
-Turbine 
-Nozzle 
 
 
 
Figure 15: Main components of a separated flow turbofan [22] 
 
 
For knowing in which stage the flow is and the associated state variables a 
nomenclature is stablished, it is the following: 
 
-AMB: Ambient conditions 
 
-0: Conditions in free stream 
 
-1: Engine intake front flange, or leading edge 
 
-12: Fan tip front face, if conditions are different from the fan root front (station 2) 
 
-13: Fan exit 
 -16: Cold mixer inlet  
 
-163: Cold side mixing plane 
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-17: Cold propelling nozzle inlet 
 
-18: Cold propelling nozzle throat 
 
-2: First compressor/fan front face 
 
-21: Inner stream fan exit 
 
-25: HPC inlet 
 
-3: Last compressor exit face 
 
-4: CC exit plane 
 
-41: First turbine stator exit 
 
-44: HPT exit after addition of cooling air 
 
-45: LPT inlet 
 
-5: Last turbine exit face 
 
-6: Front face of mixer, afterburner etc. 
 
-63: Hot side mixing plane 
 
-64: Mixed flow, reheat entry 
 
-65: Mixer outlet/afterburner inlet 
 
-7: Propelling nozzle inlet 
 
-8: Propelling nozzle throat 
 
-9: Propelling nozzle or exhaust diffuser exit plane 
 
 
In separated flow turbofans, there is no mixing between the flow, the hot flow and the 
cold, which can be benefits for the engine depending on the conditions of use that it is 
intended to give. 
 
 
We wil see in the next page the differences in the configuration of a separated flow 
turbofan or a mied flow turbofan. 
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Figure 16: Principal stages of a mixed flow turbofan [23] 
 
 
Figure 17: Principal stages of a separated flow turbofan [23] 
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1. Air inlet 
 
 
The air intake has a very different structure depending on the cruise flight conditions. 
The possibility of reaching supersonic conditions and, therefore, that shock waves appear, 
both normal and oblique, must be taken into account. Also, bearing in mind that the speed 
varies a lot along the flight and that you do not want to have a shock wave at the height 
of the fan since it would be structurally very prejudicial given the total pressure loss 
inherent to the shock wave. 
 
 
Figure 18: Supercritical air inlet's Mach number evolution [24] 
 
To prevent this phenomenon from occurring, a mobile element is usually available that 
serves to adapt the entrance area to advance or delay the appearance of the shock wave. 
The moving element is called a mouse and can be moved along the longitudinal axis of 
the motor. 
 
 
Depending on the structure of the mouse, the isentropic losses will vary given the 
adaptability of the boundary layer to that surface. The relationships of total pressure losses 
must also be taken into account in a drastic jump as is a shock wave given that total 
pressure loss is an irreversible process that will condition the general inlet pressure to the 
engine. 
 
 
 
Figure 19: Air inlets efficiency evolution because of the Mach number [24] 
 
  
Analysis of the world's largest turbofan high-pressure compressor, the new GE9x engine 
XLVI UPV-IPSA Aerospace Engineer Bachelor Final Project 
 
Following the air intake and the mouse, the fan is located in the engines of the 
turbofan’s family, which is why we are interested. The fan has a function similar to that 
of the air inlet, it serves to condition the air flow and reduce the dynamic components of 
temperature and pressure.  
 
 
As we can see in the figures of the previous section, the fan is the first element that 
faces the flow of free air. In this element the flow is conditioned to adapt it to the treatment 
of the compressor or to be expelled by secondary nozzles. 
 
 
A fan is a turbomachine that uses energy to generate the necessary pressure to maintain 
the continuous flow of air. The fan absorbs mechanical energy thanks to the rotation of 
its blades and transfers it to the fluid that flows through it with a rotating pair, that is, 
kinetic energy. 
 
 
Fans have changed a lot throughout the history of aviation; At the beginning, blades 
made of titanium were used, which needed a bar to join them to avoid vibratory effects 
for the structure of the engine, but this interrupted the continuity of the air flow around 
the blades. These blades where united with "snubbers" or "clappers" or "mid-span 
shrouds" in between them to keep them from flopping around during windmilling.  
 
 
But the technological development in composite materials has allowed to develop 
blades that are lighter but, in order to have the strength to deal with the real-world 
requirements, they tend to have been thicker than a normal blade, which has worsened 
the aerodynamic performance of this. 
 
 
 
Figure 20: JT-9 front view of  fan and mouse [25] 
 
 
 
Figure 21: GE90 front view of  fan and mouse [26]
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2. Compressor 
 
A compressor is a fluid machine that is used in order to increase the pressure of a fluid 
and displace compressible fluids. This is done through an exchange of energy between 
the machine and the fluid, in which the work exerted by the compressor is transferred to 
the substance that passes through it becoming flow energy, increasing its pressure and 
kinetic energy, driving it to flow. 
 
In the compressor, the first transition indicated by the Brayton cycle is performed: 
compression, ideally isentropic. 
 
There are basically two types of compressors: centrifugal and axial. In the former, the 
output current is perpendicular to the input current. In the seconds, both currents are 
parallel to the axis of rotation. Although the former has higher pressure jumps, the 
advantages of axial compressors and their ease of integration in the whole turbine makes 
them preferable to centrifugal.  
 
The main problem of its low compression ratio is easily solved by placing multiple 
stages. Each stage drives the air to the next stage, increasing its pressure in a compression 
ratio per stage that ranges between 1: 1,15 and 1: 1,35, until achieving the desired pressure 
ratio 
 
The design of the axial turbochargers entails a great difficulty since the design of the 
blades responds to strict aerodynamic criteria. 
 
 
Figure 22: Centrifugal compressor different components [27] 
 
In a centrifugal compressor the total pressure loss is not very noticeable, however the 
total efficiency is not very good, with the maximum air volume the efficiency is less than 
30%. This means that these compressors are not used even though their manufacture is 
relatively simple. 
 
 
  
Analysis of the world's largest turbofan high-pressure compressor, the new GE9x engine 
XLVIII UPV-IPSA Aerospace Engineer Bachelor Final Project 
The axial flow compressor consists of multiple rotors to which the blades whose 
profile is aerodynamic are fixed. The rotor rotates driven by the turbine, so that the air is 
continuously sucked into the compressor, where it is accelerated by the rotating vanes 
and swept towards the adjacent swath of the stator vanes. 
 
This movement, because the blades are aerodynamic profiles, creates a low pressure 
on the convex side (extrados or suction side) and a high-pressure zone on the concave 
side (intrados or pressure side). The air, passing through the blades, undergoes an increase 
in speed on the initial convex part of the profile, to be reduced later when the movement 
towards the trailing edge continues. Therefore, a diffusion process takes place. This 
process is developed throughout all the stages that make up the compressor. 
 
 
The pressure rise of the air flow is due to this diffusion process, which takes place in 
the passages of the rotor blades and in a similar process carried out in the stator blades. 
The stator also serves to correct the deflection given to the air by the rotor blades and so 
that the air can present the air at the correct angle to the next stage, towards the next stage 
of the rotor blades. The last row of the stator blades acts as "air straighteners" in order to 
limit turbulence so that the air enters the combustion system at a sufficiently uniform 
axial velocity [28]. 
 
 
Through each stage the pressure increase is very small, between 1: 1,15 and 1: 1,35. 
The reason for such a small increase in pressure is that if it is desired to avoid the release 
of the boundary layer and the consequent loss of aerodynamic vanes, the diffusion rate 
and the angle of incidence must be kept within certain limits. The small pressure rises in 
each stage, together with the uniform trajectory of the air flow, contributes to achieving 
the high efficiency of the axial compressor. 
 
 
  
 
Figure 23: Axial compressor cut view (rotor and stator blades) [29] 
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As the air progresses through the different stages of the compressor, the air density 
increases, as does the pressure. To keep the axial air velocity constant as its density 
increases, from the low pressure end to the high pressure end there is a gradual reduction 
in the annular air circulation area, between the rotor shaft and the stator housing. 
  
 
It is possible to decrease the annular circulation area by gradually increasing the 
diameter of the rotor, by decreasing the diameter of the housing, or by a combination of 
both. 
 
In all the turbines that are common in power plants, these are centrifugal multistage 
axial flow compressors, that is, parallel to the axis. Each stage drives the air to the next 
stage, increasing its pressure at a compression ratio per stage that ranges from 1:1,5 to 
1:2,5. 
 
 
 
Figure 24: Isentropic efficiency of the compressor [30] 
 
 
The compressors are almost adiabatic for a certain temperature ratio, but the effects of 
compressibility and viscosity cause a loss in the ratio of back pressure. Efficiency is 
achieved by minimizing losses when passing from one isobar to another. The less you 
have to increase the total temperature for that isobar change, the less energy will have 
been used. 
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3. Combustion chamber 
 
 
In the combustion chamber there is mixing between the fuel and the oxidizer, there 
are many configurations for fuel injection. Many turbulence models must be taken into 
account to model the effect of the atomization of the oxidant particles with the fuel. It is 
one of the parts of the engine that must withstand greater efforts since it is an extremely 
exothermic process. 
 
 
Figure 25: Combustion process inside the combustion chamber [31] 
 
 
In the combustion chamber, at the moment of injecting the fuel, one should try to 
control the speed of the air flow and decelerate it as much as possible. This problem lies 
in the fact that if combustion takes on a supersonic regime, it becomes unstable and can 
not be maintained (this is the problem that occurs with scramjets). 
 
 
 
 
Figure 26: Configuration of the combustion chamber [31] 
 
 
In every combustion chamber there are three differentiable zones, the primary zone, 
the secondary zone and the dilution zone. In the primary zone the fuel is injected and 
ignited. Upon reaching the dilution zone the burned mixture is at a very high temperature 
that would cause a very important deterioration for the compressor, therefore cold air is 
introduced to lower the temperature. 
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Firstly, it is necessary to verify if there is enough air to enter through every combustion 
chamber zone hole. Then, it is determined how much air enters through the primary zone, 
the secondary zone and the dilution zone from the difference between the total amount of 
air to enter each zone and the amount of air that enters through other means (for example, 
through the swirler or slots). 
 
 
In the primary zone about 15-20% of the total air flow is introduced in order to obtain 
a rich mixture with which to start a good and stable combustion. Then in the secondary 
zone will be added about 30% of the total air flow to avoid unburned, and finally, the 
dilution zone will add 45% of the total air flow and thus reduce the temperature in turbine 
inlet. . 
 
 
Figure 27: Primary, secondary and dilution holes [32] 
 
For safety, it is advisable to ensure a good stability in combustion, this can be 
considered if you have a relative dose between 1 and 1,6. However, due to resistance in 
the first step of the turbine, it is necessary to reduce the temperature with a relative dosing 
of less than 0,5.  
 
Therefore, the diversification of the air intake in different areas is used to have different 
relative dosages along the combustion chamber. 
 
 
 
Figure 28: Temperature along the 3 zones of the combustion chamber [31] 
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4. Turbine 
 
 
The structure of the turbine is similar to that of the compressor, in it there are rotating 
elements and static elements. When passing through the blades, the energy of the fluid is 
extracted to convert it into mechanical work that will serve to feed back the compressor. 
 
 
Depending on the direction of the flow, we can divide the turbines into a first 
classification: axial or radial (centripetal), in the latter, the exhaust gases fall radially and 
exit axially, after yielding much of its internal energy (mechanical + thermal) to the 
turbine. 
 
 
In turn, the radials stand out for being more compact turbines, robust and capable of 
reaching higher compression ratios, however, the main disadvantage compared to the 
axial ones is manifested in the lower mass expense that can be transferred. 
 
 
Figure 29: P-v diagram of a turbofan [33] 
 
 
Figure 30: T-s diagram of a turbofan  [33]
Each turbine stage consists of a stator and a rotor. The arrangement is the reverse of 
the compressors. This is logical if one thinks that they are fulfilling opposite functions, 
one deals with compression and another with expansion. 
 
Figure 31: Stator blades (left) and rotor blades (right) of a turbine [34] 
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The Laplace law assumes constant thermal capacities, but the thermal capacities of a 
perfect gas depend on the temperature. This law applies consequently only to 
transformations in which the variation of temperature is not important, for which one can 
approximately consider the thermal capacities like constant. The process in the turbine is 
adiabatic and isentropic, therefore, the Law of Laplace can be used: 
 
 𝑝O ∗ 𝑉Of = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
 
 
In the turbine the process is almost adiabatic, so it is considered that there is only one 
job exchange: 
 
 𝑊k =̇ ?̇?(1 + 𝑓)𝑐1	nok(𝑇kp − 𝑇kr) 
 
The mechanical performances are very high between the turbine and the compressor and 
could be considered equal to one. Normally there are usually two types of turbines, the high 
pressure and the low pressure, each one feeds its respective HPC or LPC. Now the work balance 
of the turbine is made and equals that of the compressor: 
 "?̇?(1 + 𝑓)𝑐1	nok(𝑇kp − 𝑇kr)% 𝜂#sD = ?̇?𝑐1	DoFt(𝑇ku − 𝑇k)) 
Considering the different stages for HPC and LPC and turbine we would have the 
following set of equations: 
 
v𝐻𝑖𝑔ℎ	𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒: ?̇?(1 + 𝑓)𝑐1	nok(𝑇kp − 𝑇kpp)𝜂#sD = ?̇?𝑐1	DoFt(𝑇ku − 𝑇k)r)𝐿𝑜𝑤	𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒:	?̇?(1 + 𝑓)𝑐1	nok(𝑇kpp − 𝑇kr)𝜂#sD = ?̇?𝑐1	DoFt(𝑇k)r − 𝑇k))  
 
 
Figure 32: Multistage compressor and turbine diagram [35] 
5. Exhaust nozzle 
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At the exit of the turbine, the flow of air has accelerated due to the expansion by 
reduction of pressure, but the speed is still quite lower than the speed of sound. Therefore, 
always the first part of a nozzle is convergent, since taking into account the Reynolds 
drag theorem, if we have a convergent duct and an air flow that circulates with a speed 
lower than the sound, this flow will accelerate until you reach sonic conditions. 
 
  
There are two types of nozzles, those that are only convergent and those that are 
convergent-divergent. A convergent-divergent nozzle, also called a Laval nozzle, since, 
by studying the supersonic flow in nozzles, it solved the problem of maximum 
acceleration within the nozzle, arriving at the design of nozzles with convergent-divergent 
section in which a sonic flow M = 1 at the throat to later expand the nozzle and achieve 
supersonic flows M> 1. 
 
 
Figure 33: Pressure distribution along convergent-divergent nozzle [36] 
 
The throat is the section of smaller area and therefore sonic conditions are obtained 
in it. Knowing the polytropic index of gas is tabulated the reduced mass expense from 
which we can easily obtain the critical area: 
 
𝐴∗ = ?̇?z𝑉{𝑝{|𝛾 " 2𝛾 + 1%f~f 
 
For separate flow turbofan engines, taking into account that there are differentiated air 
exits, there will be two parts in the thrust formula, the primary component (flow that 
passes through the combustion chamber) and the secondary component that will exit 
through the secondary nozzle: 
 𝐸 = 𝐸 + 𝐸 
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Primary flow thrust: 
 𝐸 = ?̇?(1 + 𝑓)𝑉 − ?̇?𝑉 + 𝐴(𝑝 − 𝑝) 
 
Secondary flow thrust: 
 𝐸 = 𝛽?̇?(𝑉 − 𝑉) + 𝐴(𝑝 − 𝑝) 
 
 𝐸?̇?𝑎 = (1 + 𝑓) 𝑉𝑎 − 𝑀 + 𝛽 𝑉𝑎 − 𝑀 + 𝐴?̇?𝑎 (𝑝 − 𝑝) + 𝐴?̇?𝑎 (𝑝 − 𝑝) 
All dimensionless parameters can be expressed as Mach number functions and other 
basic dimensionless parameters. The expressions depend a lot on the operating conditions 
of both nozzles (critical or adapted), both are independent of each other. It must be 
remembered that to know if the nozzle is critical, it must be met: 𝑝k𝑝 ≥ 1 + 𝛾2  ff 
To optimize the thrust we seek to have adapted nozzles, that is, we eliminate the 
pressure terms in the thrust equation: 
 𝐸?̇?𝑎 = (1 + 𝑓) 𝑉𝑎 − 𝑀 + 𝛽 𝑉𝑎 − 𝑀 
 
By deriving this equation with respect to the two output speeds, which are the only 
two variables of the equation, we obtain that the relation between the exit velocities of 
both nozzles is: 
 𝑉 = 𝑉 
 
Finally, if we study the case of a separate flow turbofan ideal to use as a reference 
against a real case, we will assume: 
 
-Unitary efficiencies for each component 
-Ratios of total pressure equal to one for each static component 
-Fixing of negligible fuel 
-The same adiabatic constant for the entire engine 
-Nozzles adapted for both primary and secondary flow 
-Equal output speeds for both flows 
 𝐸?̇?𝑎 = (1 + 𝛽) 𝑉𝑎 − 𝑀 
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III. GE9x’s compressor CAD design 
 
A. Rotor 
 
 
The real model of the rotary part of the compressor has a very complex geometry, to 
facilitate the process of analysis using CFD software it has been decided to simplify the 
geometry while maintaining the curvature and torsion of the real model. 
 
 
The realized design of the GE9x rotor will have two different parts. The first is the set 
of 11 blades that are the generating part of the compressive effects of the rotor, and the 
second is the lower part to which all the blades are subjected, and which will be 
responsible for receiving the rotating torque from the turbine. 
 
 
Figure 34: Rotor blades and rotor case view 
 
 
If you look carefully, you can see that the different vanes are not the result of a scaling 
of the first but are vanes with a different geometry and orientation. This complicates the 
design of the different blades since it requires a much more detailed analysis of each one. 
 
 
Figure 35: Rotor blades view 
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B. Stator 
 
 
The design of the static part of this compressor is very similar to that of the rotating 
part. As can be seen below, the stator is composed of two easily differentiable parts, the 
support plate of the vanes and the vanes themselves. The support plate is horizontal, it is 
notable to note that the stator support plate is, throughout the compressor, a hollow 
cylinder. The compression will then be made by the effects of longitudinal variation of 
area perpendicular to the air flow, as it is a convergent duct, given the geometry of the 
compressor plate, as a flow is present under subsonic conditions, the air will increase its 
pressure. 
 
 
The orientation of the profiles that make up the stator is in opposition to those of the 
rotor, this is because it seeks to break the inertia that the flow acquires by the rotation and 
the own inertia that it already has. When braking the fluid compressibility effects appear 
similar to those that would appear in a wing profile on flight conditions. 
 
 
 
Figure 36: Stator blades and stator case view 
 
 
The different geometries and configurations of the stator blades have made the design 
process more difficult. The curvature of the blades has been optimized to provide a high 
performance in terms of compression ratio. 
 
 
 
Figure 37: Stator blades view 
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C. Design simplifications 
 
 
When carrying out the CAD model of the HPC, a number of simplifications had to be 
carried out in order to find a compromise between similarity with reality and 
computational power. The different modifications that have been made will be presented 
in the following: 
 
- The high computational expense both for the mesh and the resolution of the RANS 
has forced to not simulate the compressor in its entirety, but to analyze a single 
row of stator and rotor blades, periodicity properties in the software will be used 
CFD to simulate the continuity of appearance of rotor blades. 
 
- The circular geometry has been transformed to a non-axial geometry with a single 
linear component, since not having to represent all rows of vanes this was possible 
and facilitated the geometry. 
 
- The first clean-up has led to a major change, each blade of the stator had a groove 
made in the rotor support plate to prevent air circulation under the blades, this has 
been removed and lengthened the blades since there is no danger of friction since 
the dimensions can be determined with great precision. 
 
- The variable NACA profile along the rope that makes up each blade, whether 
rotor or stator has been assimilated to a flat plate to facilitate geometry, this has 
been decided in one of the last stages of the clean-up. 
 
- Failure to simulate what precedes the HPC has consequences in the conditioning 
of the flow, it should generate an air inlet with a swirl generated by the LPC. 
 
- The twisting of the blades, which is not as noticeable as in the blades of the fan, 
has been neglected since it was a very important challenge when designing the 
CAD model, also, as it is the first moments of the engine's life of study, there was 
not enough information available to reproduce it accurately. 
 
- The simulation has been carried out to scale since the real model has some large-
scale measurements that would entail problems in the mesh, therefore a study of 
static and dynamic similarity should be carried out in order to ensure the 
extrapolation of the experimental results to the real situation. 
 
- It has been considered appropriate to add a correction factor to the translation 
speed of the rotor blades since the lack of consecutive rows to each blade will 
decrease the effect of compression, therefore it will be greater than one factor to 
compensate the foregoing. 
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IV. CFD compressor’s analysis 
 
 
A. STAR CCM+ 
 
 
The program that will be used for resolution using fluid mechanics elements is STAR-
CCM +. This commercial software is not only used for CFD problems, it can be used in 
many aspects related to engineering, such as: 
 
-Flow issues (one-phase or multi-phase) 
-Heat transfer 
-Forces on different surfaces 
-Rheology 
-Solid mechanics 
-Acoustics 
-Electrochemistry 
 
 
Solving complex industrial problems requires simulation tools that span a multitude of 
physical phenomena and a variety of engineering disciplines. Only multidisciplinary 
engineering simulation can accurately capture all of the relevant physics that influence 
the real-world performance of a product and can be used to automatically drive the virtual 
product through a range of design configurations and operating scenarios. By minimizing 
the level of approximation, engineers can be confident that the predicted behavior of their 
design will match the real-world performance of their product [37]. 
 
The mesh problem in this software is very intuitive, the program is able to generate 
control volumes of different shapes and sizes, whether polyhedrons, hexahedrons, etc. 
When solving problems, it represents a compromise between reliability and optimization 
of visualization. 
 
 
The versatility of this software is also significant in terms of the versatility of the 
different physical models available: 
 
-Solvers: Solid constraint with separate volumes, coupled and finished. 
- Time: stable state, unstable and harmonic equilibrium implicit and explicit. 
- Turbulence: RANS, RSM, LES / DDES and laminar-turbulent transition. 
- Compressibility: ideal gas and real gas. 
- Heat transfer: conjugated heat transfer, surface-to-surface radiation at the multiband 
surface and thermal gray, solar radiation and discrete ordinate radiation (DOM), including 
the participating environments. 
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Figure 38: CFD analysis process [38] 
 
In all CFD analysis process there are three major parts during the work. The first is 
called Pre-process, consists mainly of the design of the structure, the mesh and the 
establishment of the properties of the fluid. The second part is the Solver, in which the 
RANS are used to iteratively solve the problem. Finally, the post-process part is the one 
that consists in the validation of results and the realization of scenes in order to obtain a 
good visualization.  
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B. Pre-Processing 
 
1. Fluid properties 
 
 
When a simulation is carried out at scale, it is necessary to scale everything in 
proportion, a complete similarity implies: 
 
 
Figure 39: Complete similitude scaling process [39] 
 
 
A fairly reliable way to maintain the similarity is to maintain the Reynolds number as 
this maintains the relationship between the viscous and inertial effects, the state of the 
flow, whether turbulent, laminar or an intermediate state, would also be maintained. 
 
 
To find the value of the Reynolds number at the HPC input of the GE9x, the steps 
prior to this must be calculated since at the entrance of the HPC we do not have the free 
flow but the flow that leaves the LPC. 
 
-Free stream: 𝑀 = 0,87 𝑇 = 219	𝐾 𝑝 = 0,239	𝑏𝑎𝑟 𝑎 = 𝛾𝑅𝑇 = 252𝑚𝑠  𝑚E̇ = 596 𝑘𝑔𝑠  
 
-Intake: 𝜂OkEGs = 98% 𝑝 = 𝑝𝜂OkEGs = 0,23422	𝑏𝑎𝑟 𝑇 = 𝑇𝜂OkEGsff = 217,7	𝐾	 
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-Fan: 𝜋E = 1,95 𝜂E = 93% 
𝑇) = 𝑇 1 + 𝜋Eff − 1𝜂E  = 266,96	𝐾 
𝑝) = 𝑝 𝑇)𝑇 ff = 0,4783	𝑏𝑎𝑟 
 
-LPC (Booster): 𝜋0 = 1,14 	𝜂0 = 91%	 
𝑇) = 𝑇) 1 + 𝜋0ff − 1𝜂0  = 278,15	𝐾 
𝑝) = 𝑝) 𝑇)𝑇)  ff = 0,55220	𝑏𝑎𝑟 𝜌) = 𝑝)𝑅𝑇) = 0,6917 𝑘𝑔𝑚u 𝛽 = 10 
?̇? = 𝑚E̇1 + 𝛽 = 54,18 𝑘𝑔𝑠  𝑅)sk = 0,420	𝑚 𝑅)Ok = 0,225	𝑚 𝐴) = 𝜋𝑅)sk) − 𝑅)Ok) = 0,3951	𝑚) 
 𝑉) = #̇= ¡=  = 198,24#$  𝑎) = 𝛾𝑅𝑇) = 334,31𝑚𝑠  𝑀) = 𝑉)𝑎) = 0,59 
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Now you can calculate the Reynolds number at the HPC input (it matches the output 
of the LPC, but it has already separated from the secondary flow), the radial length of the 
first HPC blade will be considered characteristic length: 
𝜇) = 14,88. 10£ 𝑚)𝑠  𝐿) = 0,684	𝑚 𝑅𝑒) = 𝜌)𝑉)𝐿)𝜇) = 6,310. 10£ 
We find a turbulent state of the flow, taking this into account, we must use the 
following formula for the calculation of the coefficient of friction (this formula can be 
used because Re<10); then we can deduce the value of the viscous shear and the viscous 
velocity: 𝑐C = (2𝑙𝑜𝑔(𝑅𝑒) − 0,65)),u = 2,766. 10u 𝜏¦ = 12𝜌)𝑐C𝑉)) = 37,59	𝑃𝑎 
𝑢§ = |𝜏¦𝜌) = 7,37	𝑚𝑠  
Now the value of the characteristic thickness of the boundary layer will be estimated 
in order to reduce problems with the convergence of waste: 
 
𝛿 = 0,38 𝐿)𝑅𝑒r = 1,136.10)	𝑚 
 
In view of the conditions of the flow, it is not going to be possible to use the hypothesis 
of incompressible flow since the number of Mach is superior to 0,3 and in addition only 
that it is tried to study are the compressibility effects, therefore, we can’t be placed in the 
framework of an incompressible flow. 
 
As presented during the analysis of the CAD model, a scale transformation of the real 
model has been carried out. We will now establish the scale ratio that has been maintained 
throughout the design process. 
𝑛 = 𝐿)¨©ª«¬𝐿)­«®¬ = 0,1696 
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This can be considered approximately on a 1: 6 scale. It will be necessary to calculate 
the flow conditions at the entrance of the HPC, taking into account the necessary criteria 
for the similarity of the simulation. 
 
We will try to find the dynamic similarity, since the geometric similarity has been 
maintained throughout the design process, a significant criterion is to keep the Reynolds 
number constant since that way it is guaranteed to have the same flow conditions, either 
laminar or turbulent. 
 
⎩⎪⎨
⎪⎧𝑅𝑒) = 𝜌)𝑉)𝐿)𝜇)𝑀) = 𝑉)𝛾𝑅𝑇) →𝑅𝑒) =
𝑀)𝐿)𝛾𝑅𝑇)𝜈)  
 
Since the value of the Reynolds number is known and there is a direct relationship 
between the kinematic viscosity and the temperature, the value of the temperature can be 
resolved iteratively until a correct value is found. 
 
´ 𝑇) = 233	𝐾𝜈) = 3,326. 10£ 𝑚)𝑠  → 𝑉) = 𝑀)𝛾𝑅𝑇) = 180,52	𝑚𝑠 	 
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2. Mesh 
 
 
The meshing process is the most important of the pre-processing stages since incorrect 
meshing invalidates the results almost unambiguously. A mesh independence study must 
always be carried out in order to ensure that the size of the mesh is not a relevant factor 
in the results obtained. 
 
 
Unstructured meshing offers great flexibility in the treatment of complex geometries, 
its main advantage being that triangles (2-D) or tetrahedra (3-D), can be generated 
automatically, regardless of the complexity of the domain. In practice, it is necessary to 
determine adequate parameters to obtain good mesh quality. 
 
 
One of the advantages of this type of mesh is that the independence of mesh can be 
easily reached, but this is due to the fact that being an easily scalable mesh is also one of 
the densest and with the highest computational cost. 
 
 
The different volume meshes available with the STAR CCM + software for both 2-D 
and 3-D meshing are: 
 
- Trimmed Mesher: it is a reduction of the hexahedral mesh with a geometric template 
of the surface. 
 
-Polyhedral Mesher: it is a mesh of cells in a polyhedral shape. 
 
-Tetrahedral Mesher: it is a mesh of tetrahedrally shaped cells. 
 
-Prism Layer Mesher: near the wall adds layers of cells for greater precision in those 
areas of interest. 
 
-Advancing Layer Mesher: near the wall adds layers of prismatic cells and away from 
the wall uses a polyhedral mesh. 
 
-Extruder Mesher: a mesh grid is created from an existing mesh base that has been 
generated with one of the previous volume meshers.  
 
- Thin Mesher: Generates a volume mesh in prismatic layers ideal for thin geometries. 
 
-Generalized Cylinder Mesher: Generates a volume mesh suitable for elongated 
cylindrical regions. 
 
 
The y+ will take into account the number of layers and the relative narrowing, that is, 
the enlargement factor from the wall towards the outermost layers.  
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When calculating the independence of a mesh we must take into account the quality 
of this, there is a parameter that analyzes the quality of a mesh, the y+: 
 
 𝑦~ = 𝑦𝑢§𝜐  
 
 
For this simulation it has been decided to set a goal of y+ equal to one. It will be 
necessary to use 17 layers of cells at a ratio of growth of 1,35. 
 
 
Figure 40: Layer mesh cells growth next to the Wall [40] 
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3. Mesh independence 
 
 
The mesh independence study was carried out in order to find the limit computational 
mesh size such that the predictions of the model were independent of any decrease in it. 
The study consisted in comparing the predictions of the computational model for different 
meshes until finding the limit mesh size. 
 
 
The independence of the mesh size is achieved when the results are close. Once the 
independence of the meshing is achieved, a mesh size is chosen that compensates for the 
precision and the computational cost.  
 
 
To perform a mesh independence study we will have to increase the number of 
elements of the base case in each direction significantly (>1.5) until a selection of relevant 
global and local values does not change substantially (<1%). 
 
 
The mesh is tested to verify the independence of the results, in this investigation the 
relaxation factors were modified for each case of convection and turbulence model to 
allow convergence and obtain accurate simulation results. 
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4. Boundary conditions 
 
 
Regardless of the method to be used for solving the transport equations, it is essential 
to specify initial and contour conditions. 
 
 
The initial conditions establish the state of the variables in the first step of the 
integration scheme or at time t = 0. The greater the similarity between the initial and the 
final condition of the problem, the smaller the period of iteration necessary for the 
convergence of the system to be found. 
 
 
The boundary conditions establish flow properties at specific points in the space (either 
real walls or manufactured for the simplification of the resolution, such as the inputs and 
outputs of an alar profile). The conditions of free flow are those imposed by default of 
the ambient conditions that exist around the system that we wish to study. The conditions 
of wall contour usually have the property of rest, that is to say, in the surface of the wall 
the speed is null (or is equal to the speed of the wall). 
 
 
The lateral surfaces will be defined as resting walls, so they will have to fulfill the non-
slip condition, on the other hand the appearance of other rotor blades will be generated 
with certain periodicity in order to simulate the rotation of the rotor. 
 
 
 
Figure 41: Right face of the HPC 
 
 
 
Figure 42: Left face of the HPC 
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The input will be defined according to the pressure since it can’t be defined based on 
the input speed since we are not in a situation of incompressible flow and therefore 
defining the input as "Velocity inlet" would appear spurious phenomena that would not 
be representative of the physical reality of the problem. 
 
Figure 43: Inlet of the HPC (stage 21) 
 
Taking into account that the compression ratio inherent to the HPC is available, the 
output of the problem can be defined as "Pressure outlet". Also, it is a good choice because 
the presence of reverse flow in the rear part will show a difference between the pretended 
value of the Pressure that we are willing to obtain and the one extracted from the one 
obtained with the CFD. 𝜋· = 27 𝑝u = 𝑝)𝜋· = 14,9094	𝑏𝑎𝑟 𝑇u = 𝑇)𝜋·ff = 713,25	𝐾 
 
The obtained value seems reasonable taking into account that the global compression 
ratio of the engine is, according to GE information, of 60 (transmission losses of the pipes 
and bypass have not been taken into account): 𝜋o4sEFF = 𝑝u𝑝 = 62,38 
 
Figure 44: Outlet of the HPC (stage 3) 
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The lower surface will be a wall, the wall of the rotor, the condition of non-sliding in 
a wall with movement must be fulfilled. When dealing with the rotor wall, this should 
initially be rotated, but bearing in mind that the problem has been simplified to a 
Cartesian plane, the speed applied will be a linear speed: 
 Ω· = 2753 𝑟𝑒𝑣𝑚𝑖𝑛 → 𝑉· = 64,78𝑚𝑠  
 
 
Figure 45: Lower face of the HPC 
 
The upper surface will be the part that corresponds to the stator and therefore must be 
kept still, the condition of non-sliding on an immobile wall will be applied. 
 
 
Figure 46: Upper face of the HPC 
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5. Turbulence model 
 
 
The turbulence models can be classified based on the computational cost of 
calculation, which corresponds to the range of scales modeled in comparison with the 
scales that are calculated, that is, they are resolved. There are three major computational 
models that model turbulence: 
 
-RANS: based on the averaging of the different transport equations, that is, each 
magnitude is replaced by its average value plus the fluctuational component. This model 
presents difficulties in the known "closing problem" that needs an equation of state to 
make the system of equations compatible and thus be able to solve the tensor that 
represents Reynolds turbulent tensions. 
 
-LES: in this model the large eddies are solved explicitly, and the small scales of the 
turbulence are modeled, as the small scales are more isotropic, we obtain fairly reliable 
results. 
 
-DES: this model takes advantage of the RANS and LES since the RANS model has 
problems near the boundary layer and the LES is only suitable for free flow regions. 
 
 
For our case study, we need to solve the NS equations at different scales, so it seems 
more convenient to choose a model from the RANS family. In addition, since it is a 
transitory problem, only modeling the turbulence at different scales does not seem 
sufficient. More precisely, in the RANS computerized model there are different 
turbulence models: 
 
-	𝑘 − 𝜀 model: this model interrelates the kinetic energy of the turbulent fluid and the 
dissipation speed. 
 
-	𝑘 − 𝜔 model: this model interrelates the kinetic energy of the turbulent fluid and the 
specific dissipation. 
 
-SST model: this model takes advantage of the favorable aspects of the two previous 
models, the main turbulent shear tensor is taken into account, which allows obtaining a 
correct response against the gradients of adverse pressures. 
 
 
These models present positive points when solving the proposed problem, after a 
bibliographic response a work has been found that deals with the turbulence model 
suitable for the analysis of an axial compressor. This document called "Validation of 
turbulence models for simulation of axial flow compressor" composed of reputed 
members in the world engineering landscape, concludes that the most suitable model for 
this type of study in particular is the SST model [40]. 
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D. Solver 
 
 
The resolution of the RANS in the different meshing nodes can be done through 
different approaches. These formulations could be PDE (multivariate) or ODE (single). 
The method of solving the equations can be by the coupled method or by the segregated 
method: 
 
- Coupled flow needs more resources like memory and computational time as it 
solves coupled equations for pressure and velocities. But that also means, it's more 
stable in cases with high density fluctuations like supersonic flow with shocks etc. 
And in theory the number of steps it takes to solve a mesh does not depend on the 
cell count. Practically it still needs a huge number of steps until you get a solution. 
 
- Segregated flow is a good choice for most cases. It runs fast but can have problems 
with supersonic flows. And the bigger the mesh, the more steps you need as some 
information has to cross the domain several times. 
 
 
We will select the segregated method resolution, there are also different conditions to 
apply when using a segregated flow solver: 
 
- The Segregated Fluid Enthalpy model solves the total energy equation with 
chemical thermal enthalpy as the variable. Temperature is then computed from 
enthalpy according to the equation of state. 
 
- The Segregated Fluid Isothermal model keeps the temperature in the continuum 
constant. For problems where the temperature is small and negligible, it would be 
computationally expensive to solve an average energy transport equation when it 
would yield a constant field of temperature. Hence, STAR-CCM + includes the 
isothermal energy option to provide a constant temperature field for all models 
that require temperature. 
 
- The Segregated Fluid Temperature model solves the total energy equation with 
temperature as the variable. Enthalpy is then computed from temperature 
according to the equation of state. This model is appropriate for simulations that 
do not involve combustion. 
 
 
The Segregated Fluid Temperature model will be chosen since there is variation in 
temperature that varies due to compression effects. [42]  
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E. Post-Processing 
 
It was not possible to perform the CFD analysis with the STARCCM + software since 
there were problems in the geometry that have proved insurmountable since they needed 
a very fine mesh that was not possible with the laptop that was used. The calculations 
should have been made with a computer with greater computational power. 
 
 
An analysis will now be made of the expected results that should have resulted from 
the simulations: 
 
- It was expected to have a compression ratio between the input and output of the 
HPC similar to the real one; as pressure conditions have been imposed at the exit 
and at the entrance of the geometry, that is, the presence of flow in the opposite 
direction in the vicinity of the output of the HPC would show that the necessary 
pressure conditions have not been reached. 
 
- It was expected to have been able to observe the evolution of the compression 
effects in the vicinity of the blades and see how the cascade of blades has a driving 
effect in the development of a high compression ratio. 
 
- It could have been observed the acceleration of the air flow in the rotating part 
and how the air flow reacts when facing a static surface (stator). 
 
- It could have been observed if there is a significant difference both in terms of 
configuration and arrangement of the blades, both fixed and mobile, of the HPC 
with respect to homologous engines, in order to deduce how a motor of such size 
could be made. 
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V. Conclusions 
 
 
 
This Project has tried to show all the stages of a study based on CFD, from the analysis 
of the preliminary design to the post-processing of the results that would have been 
obtained. Throughout the constitution of this report, different technical conclusions and 
ideas for expansion have been presented for this same project. 
 
 
The design in CAD has been a great challenge due to the complexity that supposes the 
design of a HPC of last generation. Also, since the geometry designed at the beginning 
has had to be modified to adapt it to the capabilities of the CFD analysis software, either 
STARCCM + or any other. This is due to the fact that the blades were designed as thin 
plates and not as rigid bodies and therefore at the time of meshing, the program did not 
understand the operation of said surfaces. 
 
 
It has been possible to carry out an extensive bibliographic search that will be useful 
for future studies on axial flow compressors. The different models of turbulence, solvers 
and correction conditions between the model and reality are established in order to carry 
out a study that results in reliable data. 
 
 
As extensions of this project could be considered an improvement of the design of the 
blades since significant details of its geometry have been overlooked to simplify the 
meshing. It would also be interesting that, from here a few years ago when the GE9x is 
already an engine that is in the civil aviation market, the results obtained in real flight 
conditions, those provided by the constructor and those obtained through the most 
detailed simulations were compared.  
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Annex 
 
A. Components of the GE9x 
 
1. Fan 
 
 
 
 
 
Annex Figure 1: Lateral view of the fan 
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Annex Figure 2: Front view of the fan 
 
 
Annex Figure 3: Rear view of the fan  
  
Analysis of the world's largest turbofan high-pressure compressor, the new GE9x engine 
LXXXI UPV-IPSA Aerospace Engineer Bachelor Final Project 
2. Nacelle 
 
 
 
 
Annex Figure 4: Nacelle with the internal components 
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Annex Figure 5: Front view of the nacelle 
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Annex Figure 6: Rear view of the nacelle 
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3. Booster (Low pressure compressor) 
 
 
 
 
 
Annex Figure 7: Lateral view of the booster 
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Annex Figure 8: Front view of the booster 
 
 
Annex Figure 9: Rear view of the booster 
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4. High pressure compressor 
 
 
 
 
Annex Figure 10: Lateral view of the high pressure compressor 
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Annex Figure 11: Rear view of the high pressure compressor 
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5. Combustion chamber 
 
 
 
 
Annex Figure 12: Hot section of the engine 
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Annex Figure 13: Right view of the combustion chamber 
 
 
 
 
Annex Figure 14: Rear view of the combustion chamber 
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6. High pressure turbine 
 
 
 
 
Annex Figure 15: Lateral view of the high pressure turbine 
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Annex Figure 16: Rear view of the high pressure turbine 
 
 
 
Annex Figure 17: Right view of the high pressure turbine  
  
Analysis of the world's largest turbofan high-pressure compressor, the new GE9x engine 
XCII UPV-IPSA Aerospace Engineer Bachelor Final Project 
7. Low pressure turbine 
 
 
 
Annex Figure 18: Right view of the low pressure turbine 
 
 
 
 
 
Annex Figure 19: Rear view of the low pressure turbine 
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B. Budget 
 
1. Introduction 
 
 
In this section, the costs associated with the realization of this project will be presented. 
It will include the time of use of the computer equipment, the software used and the hours 
of consultation of the university staff. 
 
Due to the effect of the depreciation of physical assets, the depreciation cost due to the 
passage of time must be taken into account: 
 
 𝐴 = 𝑉 − 𝑉»𝑛E  
 𝑡n = 𝐴ℎ 
 
 
Siendo: 
- A: Amortization " €½sE% 
- 𝑉: Purchase Price (€) 
- 𝑉»: Residual value at the end of the amortization period (€) 
- 𝑛E: Amortization period (𝑦𝑒𝑎𝑟) 
- 𝑡n: Hourly rate " €no¾% 
- ℎ: Work time per year "no¾½sE% 
 
 
For the calculation of the hourly rate it has been estimated 35 hours of work per week 
during the 46 non-holiday weeks: 
 𝑡 = 1610	 ℎ𝑜𝑢𝑟𝑠𝑦𝑒𝑎𝑟  
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2. Computer equipment 
 
 
The personal computer used to carry out this work has the following characteristics: 
 
- Model: MacBook Pro (13-inch, 2017, Four Thunderbolt 3 Ports) 
- Processor: 3,1 GHz Intel Core i5 
- Architecture: 64 bits 
- RAM: 8 GB 2133 MHz LPDDR3 
 
The purchase price is set at 1500€, the amortization period of 5 years and a residual 
value of 20%: 
 𝐴 = 𝑉 − 𝑉»𝑛E = 240	 €𝑦𝑒𝑎𝑟 
 𝑡n = 𝐴ℎ = 0,1490	 €ℎ𝑜𝑢𝑟 
 
 
 
Annex Figure 20: Laptop depreciation along time [41] 
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3. Software 
 
 
- MATLAB 
 
The basic license of Matlab for university teams has an annual cost of 500€ and the extra 
packages have a cost of 230€: 
 𝑡n = 𝐴ℎ = 0,453	 €ℎ𝑜𝑢𝑟 
 
- OFFICE 365 
 
The annual license of the Office 365 package that includes both Word, Excel, PowerPoint, 
costs 69€ per year: 
 𝑡n = 𝐴ℎ = 0,04	 €ℎ𝑜𝑢𝑟 
 
- STAR CCM+ 
 
The StarCCm+ license is delivered by number of hours of use and cores employed: 
 𝑡n = 𝐴ℎ = 0,12	 €ℎ𝑜𝑢𝑟 
 
- GASTURB 13 
 
The basic license of GasTurb 13 for university teams has an annual cost of 850€: 
 𝑡n = 𝐴ℎ = 0,528	 €ℎ𝑜𝑢𝑟 
 
- AUTODESK FUSION 360 
 
The basic license of Autodesk Fusion 360 for university teams has an annual cost of 550€: 
 𝑡n = 𝐴ℎ = 0,342	 €ℎ𝑜𝑢𝑟 
 
- AUTOCAD 
 
The basic license of AutoCad for university teams has an annual cost of 485€: 
 𝑡n = 𝐴ℎ = 0,301	 €ℎ𝑜𝑢𝑟 
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4. Human resources 
 
 
- University student 
 
The student has carried out this project for a period of 2 and a half months at a rate of 
65 hours per month, which results in a total of 160 hours of work. Since he is not a 
beneficiary of any scholarship, the cost of it is null: 
 𝑡n = 𝐴ℎ = 0,00	 €ℎ𝑜𝑢𝑟 
 
 
- Professor at the destination university 
 
Taking into account data from the “Ministère de l’Éducation Nationale et de la 
Jeunesse”, the average salary of university professors in the Île-de-France region stands 
at 4662€ per month: 
 𝑡n = 𝐴ℎ = 33,3	 €ℎ𝑜𝑢𝑟 
 
 
- Professor at the origin university 
 
Taking into account data from the “Ministerio de Educación, Cultura y Deporte”, the 
average salary of university professors in the Île-de-France region stands at 2782€ per 
month: 
 𝑡n = 𝐴ℎ = 19,9	 €ℎ𝑜𝑢𝑟 
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5. Total budget 
 
Concept Period 
(h) 
Hourly rate 
( €𝒉𝒐𝒖𝒓) Gross amount (€) Taxes (21 %) Amount (€) 
Computer equipment 
Computer 
depreciation 
160 0,1490 23,84 5,00 28,84 
Subtotal 28,84 € 
Softwares 
MatLab 160 0,453 72,48 15,22 87,70 
Office 365 160 0,04 6,40 1,34 7,74 
StarCCM+ 160 0,12 19,2 4,03 23,23 
Fusion 360 160 0,342 54,72 11,49 66,21 
AutoCad 160 0,301 48,16 10,11 58,27 
Gastrub 13 160 0,528 84,48 17,74 102,22 
Subtotal 345,37 € 
Human resources 
Student 160 0,00 0,00 0,00 0,00 
Professor at 
the 
destination 
university 
25 33,3 832,50 174,83 1007,33 
Professor at the 
origin university 
15 19,9 298,50 62,69 361,19 
Subtotal 1368,52 € 
Total 1742,73 € 
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